Abstract: The pollen of six taxa of the genus Rubus endemic to Poland (R. capitulatus, R. chaerophylloides, R. ostroviensis, R. posnaniensis, R. seebergensis and R. spribillei)was studied using light and scanning electron microscopy. The study objective was to extend the knowledge of the species pollen morphology and to investigate whether pollen morphology may help to taxonomically distinguish a very rare bramble species. Study material was derived from six natural localities where the species occur in the Wielkopolska region (Poland). Ten quantitative pollen grain features were analysed as well as the following qualitative ones: outline, shape, type of bridge and exine sculpture. Only mature, correctly formed pollen grains (30 per specimen) were measured and 180 pollen grains were examined in total. It was found that R. capitulatus and R. seebergensis had the highest mean values of P, E and Le features. In addition, pollen grains of R. capitulatus were most flattened (mean P/E ratio equals 1.14), while those of R. seebergensis were most elongated (mean P/E ratio equals 1.27). R. spribillei was the only species with striae of similar width as muri, whereas striae in the remaining species were wider. R. chaerophylloides and R. posnaniensis were characterised by specific, similar exine sculpture. Nevertheless, it should be stated that differences between pollen features of the species studied are so small and the variability of these features are so large that it is difficult to clearly identify the species studied. Therefore, pollen grain morphology can serve only as an auxiliary feature for the determination of these species.
Introduction
The Rubus L. (Rosaceae) genus is taxonomically very difficult. Due to its apomixis, hybridisation and splitting of the hybrid features, the number of species in this genus is very large and difficult to assess. According to Weber (1995) there are 250 do 300 agamic bramble species in central and north-western Europe and the British Isles are reported to have approximately 300 agamic bramble species (Stace 1989) .
In Poland, the Rubus genus comprises 88 wild species, including 6 alien, naturalized taxa (Zieliński 2004) . This study describes pollen morphology of all Polish endemic species of the Rubus genus (i.e. R. capitulatus, R. chaerophylloides, R. ostroviensis, R. posnaniensis, R. seebergensis and R. spribillei). They belong to subgenus Rubus, two sections: Rubus and Corylifolii and four series: Hystricopses, Micantes, Glandulosi and Pallidi (Table 1) .
The endemic bramble species investigated constitute a very important element of Polish flora. They can be found in Wielkopolska and Silesia where they reach the eastern and north-eastern ranges of their natural occurrence (Zieliński 2001 (Zieliński , 2004 . R. capitulatus and R. seebergensis occupy numerous sites, while R. chaerophylloides, R. ostroviensis and R. posnaniensis are less frequent and R. spribillei is a very rare species recorded only in several sites (Maliński 2001; Zieliński 2001 Zieliński , 2004 . All these species can be found on the "red list" of disappearing and endangered species in Wielkopolska where they have been granted the status of rare species (Żukowski & Jackowiak 1995) .
The most important features distinguishing pollen grains of the genus Rubus include: exine sculpture (sculpture type, and when sculpture are of striate type, striae and valla width and orientation) as well as aperture features (length of ectocolpi), type of the bridge (contracted or stretched), presence of costae colpi and number and size of perforations (Teppner 1965; Reitsma 1966; Eide 1981a; Kosenko et al. 1982; Fedoronchuk & Savitsky 1987; Gonzalez Romano & Candau 1989; Hebda & Chinnappa 1990 , 1994 Ueda 1992; Monasterio-Huelin & Pardo 1995; TomlikWyremblewska 1995 TomlikWyremblewska , 2000 Li et al. 2001; TomlikWyremblewska et al. 2004; Wang et al. 2007) .
Despite relatively numerous publications on the 88 D. Wrońska-Pilarek et al.
subject, our knowledge of pollen morphological structure of the genus Rubus remains incomplete due to the lack of palynological monographs on this taxonomically difficult genus. Therefore, the objective of this investigation was to improve our knowledge about the pollen morphology of rare Polish endemic bramble species, followed by assessing to what extent these pollen features allow identification of individual species.
Material and methods
The fresh material (flowers or inflorescences) came from the bramble collection of the Dendrological Garden of Poznan University of Life Sciences (Poland). The shrubs growing in the garden were derived from natural localities for each of the species investigated (Table 1 ). All plant specimens which supplied material for our studies were also deposited in the herbarium of the Department of Forestry Natural Foundations (POZNF), Poznan University of Life Sciences (Poland). A list of the six species analysed and their affiliation to particular subgenera, sections and series is shown in Table 1 . The terminology follows Punt et al. (2007) and Hesse et al. (2009) . All samples were acetolysed according to Erdtman's method (1952) , with some insignificant modifications (Wroń-ska-Pilarek 1998). The observations were carried out both with light microscope (Biolar 2308, Nikon HFX-DX) and scanning electron microscope (Hitachi S-3000N).
The measurements are based on 30 randomly selected, mature pollen grains per specimen; 180 pollen grains were examined in total. Only properly developed pollen grains were measured. The grains were analysed for 10 quantitative features (Table 2 ) and the following qualitative ones: outline, shape, type of the bridge and exine sculpture. Relative exine thickness is the ratio of exine thickness at the pole (Exp) to the length of the P axis, and exine thickness at the equatorial plane (Exe) to the length of the E axis.
For each pollen grain feature, one-factor analysis of variance (ANOVA) was used to examine differences in the mean values among species studied. When critical differences were noted, multiple comparisons were carried out using Tukey's test for equal sample sizes. To show similarities and differences among the taxa studied, Ward's hierarchical clustering method was used to delineate groups based on all pollen grain morphological features. The discriminant analysis was performed and the position of the Rubus species studied along the first three discriminant variables was examined to find interspecific differences among them (cf. Boratyńska & Lewandowska 2009; Mazur et al. 2010; Sobierajska et al. 2010) . Statistical analyses were performed using JMP 8.0 (SAS Institute Inc. Cary, NC. USA, http://www.jmp.com/).
Results

General pollen morphological description
A description of the pollen grain morphology of species studied is given below and illustrated with SEM photographs (Figs 1-11 ). The grains of Rubus species studied are 3-zonocolporate. The majority of pollen grains, according to Erdtman's (1952) pollen size classification, was medium (25-50 µm; 93.9%), rarely small (10-25 µm; 6.1%). Figs 1-5. SEMs of pollen grains from endemic Rubus species studied. 1 -R. spribillei -pollen grain in polar view with three ectocolpi; 2-4 -R. chaerophylloides, R. spribillei, R. seebergensis -pollen grains in equatorial views with ectocolpi; 5 -R. capitulatus -granulated ectocolpus membrane.
The average length of polar axis (P) amounted to 28.7 (24-36) µm (Table 3) . On average, the largest pollen grains were found in R. seebergensis (30.47 µm), while the smallest were in R. posnaniensis (27.07 µm). The greatest numbers of small pollen grains occurred in samples of R. posnaniensis (23.3% of measured pollen); in samples of some other species 3.3% (R. ostroviensis, R. chaerophylloides) to 6.7% (R. spribillei) small pollen grains were found.
The mean length of equatorial axis (E) amounted to 23.59 (18-30) µm. On average, the shortest equatorial axes occurred in R. posnaniensis pollen (21.87 µm), Length of equatorial axis (E) 3.
Distance between the apices of two ectocolpi (d) 4.
Thickness of exine along polar axis (Exp) 5.
Thickness of exine along equatorial axis (Exe) 6.
Length of ectocolpi (Le) 7.
P/E ratio 8.
d/E ratio (PAI) 9.
Relative thickness of exine (Exp/P ratio) 10.
Relative thickness of exine (Exe/E ratio)
Figs 6-11. Exine sculpture subtypes of the species studied, classified according to Ueda & Tomita (1989) . 6 -R. chaerophylloides -IIB subtype, 7 -R. posnaniensis -IIB subtype, 8 -R. spribillei -IIA subtype, 9 -R. capitulatus -IIB subtype, 10 -R. seebergensis -IIB subtype, 11 -R. ostroviensis -IIB subtype.
while the longest were in R. capitulatus (26.13 µm). Outline in polar view was mostly circular or triangular with obtuse apices, more rarely elliptic, whereas in equatorial view grains were mostly elliptic, rarely circular (Figs 1-4).
The average P/E ratio was 1.22 and ranged from 0.93 in R. capitulatus to 1.55 in R. chaerophylloides (Table 3 ). The majority of pollen of the species examined were subprolate (70.56%), significant less frequently, prolate (11.67%) and prolate-spheroidal (10.56%), rarely spheroidal (6.67%), and very rarely oblate-spheroidal (0.56%) ( Table 4) . Most of the subprolate pollen grains were found in R. ostroviensis and R. seebergensis (83.3 and 80%, respectively). The greatest numbers (20% each) of prolate-spheroidal and prolate pollen grains were found in R. chaerophylloides and R. spribillei. Oblate-spheroidal pollen grains were found inR. capitulatus only. R. seebergensis and R. spribillei have nearly exclusively elongated pollen grains from the subprolate and prolate classes, whereas R. capitulatus and R. chaerophylloides were distinguished by considerable variability of their pollen shape as well as a smaller proportion of elongated pollen from the subprolate and prolate classes (Table 4) . Table 3 . Ranges (min-max), mean values (± SE) and coefficients of variation (CV) of pollen grain morphological features of the species studied (e.g. length of polar and equatorial axes and ectocolpi -P, E, Le; thickness of exine along polar and equatorial axes -Exp, Exe; distance between the apices of two ectocolpi -d). One way ANOVA's were performed separately for each of the pollen features to determine the differences among species studied. Same letters indicate a lack of statistically significant differences between analyzed species according to Tukey's a posteriori test (p < 0.05), SE -standard error. Exine was two-layered, with ectexine and endexine of about the same thickness. Mean exine thickness was 1.2 (1.0-2.0) µm; on average Exp was 1.27 µm and Exe was 1.13 µm. The relative thickness of the exine (Exp/P ratio) averaged 0.04 (0.03-0.08) and (Exe/E ratio) 0.05 (0.03-0.08). The above results were similar, indicating more or less equal exine thickness along the entire pollen grain (Table 3) .
Exine sculpture was striate, with variable distinctness under LM. The species studied have similar pollen exine sculpture and, therefore, were all classed as type II with two subtypes (IIA and IIB) distinguished by Ueda & Tomita (1989; Figs 6-11) . R. spribillei belonged to the IIA subtype, while the remaining species were assigned to subtype IIB. The IIA subtype was characterized by fairly flat muri of width similar to striae, with frequent prominent and numerous perforations. The IIB sculpture subtype differed from the one above by having wide striae. Two species, i.e. R. chaerophylloides and R. posnaniensis, stood out in the IIB subtype, as their muri were more bulging (and therefore more conspicuous), and were longer with a wavy course, while striae were very wide, and perforations were very numerous and usually relatively big (Figs. 2, 6, 7) . The remaining species from this subtype were characterised by flat, sometimes even disappearing muri (in R. seebergensis; Figs. 4, 10) which were shorter and less distinctly wavy, and their perforations were characterised by diverse diameters -from small to large.
Apertures consisted of 3 ectocolpi and 3 endopores. Ectocolpi were narrow, ending sharply, arranged in the equatorial zone, regular and more or less evenly spaced, but sometimes joined in the polar area (Fig. 5) . They were long, with mean length of 24.04 µm ranging from 16 µm in R. chaerophylloides to 30 µm in R. capitulatus, R. chaerophylloides and R. seebergensis; on average, ectocolpi constituted 84% of the length of the polar axis. On average, the longest ectocolpi were found in R. chaerophylloides pollen (25.27 µm), while the shortest occurred in R. spribillei (22.8 µm). The width was variable, and usually greatest in the equatorial region. The colpus membrane was verrucate-granular. The ectocolpus had an irregular margo with a costa. The equatorial bridge was usually closed, but stretched; therefore endopores and pore area was more or less visible (Fig. 3) .
The mean apocolpium index (d/E ratio) was 0.19. This value differed substantially among species studied and ranged over from 0.07 to 0.33. On average, the greatest apocolpium index was found in R. seebergensis and R. capitulatus pollen (0.22), while the smallest was in R. spribillei and R. chaerophylloides (0.16). Such a wide range indicates that the distance between adjacent ectocolpi is variable because colpi have different lengths and lie at different distances from the apocolpium, sometimes even touching it.
The endoaperture was difficult to define by LM and SEM, as it was hidden by the fold in the ectoaperture. Oblongate endopores usually had diameters of 3-5 µm. Usually one, rarely two endopores occured and were most frequently located in the middle of ectocolpi, but were rarely arranged asymmetrically. They were characterized by irregular margins and a fastigium.
Interspecific variability of pollen grains Statistically significant differences were found among the Rubus species examined with regard to all the pollen features analysed, except for exine thickness at the equator plane (Exe) ( Table 3 ). The smallest length of polar (P) and equatorial axis (E) were found in Rubus posnaniensis (27.07 and 21.87 µm, respectively), while the largest were found in R. seebergensis (P = 30.47 µm) and R. capitulatus (E = 26.13 µm). The thickest exine (Exp and Exe) was found in R. spribillei (1.44 and 1.20 µm, respectively), while the thinnest was found in R. chaerophylloides (Exp = 1.06 µm) and R. posnaniensis (Exe = 1.02 µm).
R. spribillei was found to have the highest values of exine thickness coefficients (Exp/P, Exe/E) (0.054 and 0.055, respectively), whereas in R. chaerophylloides and R. capitulatus these values were the lowest (Exp/P = 0.037 and Exe/E = 0.043, respectively). Pollen grains characterized by the longest shape (feature P/E) were observed in R. seebergensis (1.273), while in R. capitulatus pollen grains were the least elongated (1.142). Among the species studied, the lowest Le and d were found for R. spribillei (22.80 and 3.47 µm, respectively), whereas the highest values were determined for R. chaerophylloides (Le = 25.27 µm) and R. capitulatus (d = 5.67 µm). It was found that d/E ratio was the highest in R. capitulatus pollen grains (0.217) and the smallest in R. spribillei (0.157).
Mean coefficients of variation (CV, calculated taking into account all the Rubus species examined) for the pollen features analysed amounted to: P -8.51%, E -10.71%, Exp -24.77%, Exe -23.10%, Le -11.09%, D -35.25%, P/E -9.26%, Exp/P -27.19%, Exe/E -24.74% and D/E -31.73%. Using mean coefficients of variation of the pollen features examined for individual Rubus species, the species can be arranged as follows (from the least to the most variable): R. posnaniensis (CV = 17.2%), R. seebergensis (CV = 17.4%), R. spribillei (CV = 18.8%), R. capitulatus (CV = 18.8%), R. chaerophylloides (CV = 20.3%) and R. ostroviensis (CV = 20.4%).
The agglomeration grouping using the Ward method yielded a dendrogram (Fig. 12) , which was used to divide the examined Rubus species into two groups. The first group was comprised of R. capitulatus and R. seebergensis, while the second one included four species, R. chaerophylloides, R. ostroviensis, R. posnaniensis and R. spribillei. It was evident that the last species showed the most distant position on the dendrogram.
The discriminant analysis showed that the three first discriminant variables comprised ca. 87% of the total variation. The first discriminant variable (U 1 ), covering ca. 45% of the total variability, was determined mostly by E, d and P (Table 5 ). According to this discriminant variable, the most distinct taxon is R. capitulatus, whereas the remaining taxa form more or less scattered group. The second discriminant vari- able (U 2 ), covering ca. 25% of the total variability, depends mainly on Exp and Exp/P. The more distinct taxa in the second discriminant variable are R. seebergensis and R. posnaniensis. The third discriminant variable (U 3 ), covering almost 17% of the total variability, was determined mostly by the P and P/E. These pollen grain traits are responsible for clear differentiation of R. posnaniensis and R. capitulatus against R. seebergensis (Fig. 13) .
Discussion
Pollen grains of the species investigated have not been Fig. 13 . Result of the discriminant analysis based on 10 characters of pollen grains of Rubus species plotted along the three first discriminant variables U 1 , U 2 and U 3 , which accounted 87% of the total variation. Table 4 . Number of pollen grains in shape classes (P/E ratio) according to Erdtman (1952) classification: oblate-spheroidal (0.89-0.99); spheroidal (1.00); prolate-spheroidal (1.01-1.14); subprolate (1.15-1.33); prolate (1.34-2.00). described in the palynological literature so far. The palynological characteristics presented in this study are similar to pollen grain descriptions available in the literature for other Polish and European bramble species (Erdtman et al. 1961; Reitsma 1966; Teppner 1965; Kuprianowa & Alyoshina 1978; Eide 1981a,b; Faegri & Iversen 1989; Gonzalez Romano & Candau 1989; Moore et al. 1991; Monasterio-Huelin & Pardo 1995; TomlikWyremblewska 1995; Wrońska-Pilarek et al. 2006) . Data from the palynological literature indicates that the length of the pollen polar axis (P) of European bramble species varies and, on average, fluctuates from 20.6 to 29 µm. For example, according to Teppner (1965) , it ranges from 22.5 µm (R. arcticus) to 35.7 µm (R. mercieri); according to Eide (1981a) -from 20.6 µm (R. arcticus) to 27.5 µm (R. chamaemorus); however, for the last one, Reitsma (1966) reported a significantly higher length range of P (35-41 µm). Values given by other researchers are as follows: Kuprianowa & Alyoshina (1978) -from 21.5 to 25.2 µm in R. arcticus and R. caesius, Monasterio-Huelin & Pardo (1995) -from 22.9 (R. ulmifolius) to 29 µm (R. vestitus) and Gonzalez Romano & Candau (1989) -22 .9 µm (R. caesius) and 24 µm (R. ulmifolius). It is worth drawing attention to the fact that mean lengths of the P axis measured by different researchers in the same species vary relatively slightly (e.g. R. arcticus, R. chamaemorus or R. ulmifolius). Teppner (1965) found a larger P for R. ulmifolius than for the two remaining species (22.9 and 24 µm). In comparison with the above results, the species studied here exhibited high values of this feature -on average 28.7 µm. This result could have been influenced by a greater number of pollen grains measured. It should be emphasised here that the pollen size value as a diagnostic feature is questionable due to the high variability of pollen size of Rubus and Rosaceae (Naruhashi & Takano 1980; Moore et al. 1991 , Wrońska-Pilarek & Jagodziński 2009 and the methods used for acetolysis (Reitsma 1969) .
With regard to pollen shape (P/E), the following results can be found in individual publications: from 0.96 (in R. chamaemorus) to 1.11 (in R. selmerii; Eide 1981a), from 1.21 (in R. sicula) to 1.35 (in R. micrantha; Gonzalez Romano & Candau 1989) , from 1.15 (in R. idaeus) to 1.33 (in R. weberanus; Monasterio-Huelin & Pardo 1995). The species studied are characterized by diverse pollen shape; from 0.93 in R. capitulatus to 1.55 in R. chaerophylloides.
A majority of researchers describe bramble pollen exine as thin. Nevertheless, measurement results differ slightly from about 1 µm (Erdtman et al. 1961) , through 1.5 µm (Kuprianowa & Alyoshina 1978) and 1.6-1.7 µm (Gonzalez Romano & Candau 1989 ) to a greater range of thickness fluctuating from 1.3-2 µm (Eide 1981a) . In comparison with the results of other researchers, in species investigated in this study, the mean value of exine is relatively low and amounts to 1.2 µm.
The exine sculpture of Rubus pollen grains is very homogeneous. Most brambles possess striate sculpture considered typical for this genus (Reitsma 1966; Eide 1981a; Faegri & Iversen 1989; Ueda & Tomita 1989; Hebda & Chinnappa 1990 , 1994 Ueda 1992; Monasterio-Huelin & Pardo 1995; Tomlik-Wyremblewska 1995) . However, there are species with striategemmate (Zhou et al. 1999) , striate-reticulate (Zhou et al. 1999) , striate-rugulate and striate-scabrate (TomlikWyremblewska et al. 2004 ), clavate-baculate (Eide 1981a; Faegri & Iversen 1989 ), verrucate (Gonzalez Romano & Candau 1989 Ueda & Tomita 1989; Hebda & Chinnappa 1990 , 1994 Ueda 1992) , reticulate (Gonzalez Romano & Candau 1989) or rugulate (Eide 1981a; Tomlik-Wyremblewska et al. 2004) sculptures. The species investigated have exine sculpture of the striate type characteristic for the genus Rubus, although two species, R. chaerophylloides and R. posnaniensis, stand apart from the remaining species, having muri that are bulged, distinct, very long and corrugated, and very wide striae, as well as very numerous and usually large perforations. In spite of this, in our opinion, exine sculpture cannot be considered a diagnostic character of the species studied. It should be treated as an auxiliary feature because it is variable, and although it can distinguish species groups, it fails to identify individual species.
The arrangement of the species investigated on the dendrogram only partially corroborates the division of the genus Rubus into subgenera, sections and series (Zieliński 2004; Fig. 12 ) currently accepted in taxonomy. R. capitulatus and R. seebergensis, derived from the Corylifolii section and Hystricopses series, are closely related to each other, and were assigned to a separate group. However, R. spribillei is derived from the same section and series, but was assigned to the second group of species derived from another Rubus section -R. chaerophylloides, R. ostroviensis and R. posnaniensis, although it occupies an isolated position in this group. The most similar features were found in R. ostroviensis (section Rubus; series Glandulosi) and R. posnaniensis (section Rubus; seriesPallidi), while R. chaerophylloides (section Rubus; seriesMicantes) differs somewhat from them. The taxonomic interpretation of the results obtained cannot be unequivocal because a relatively small number of species was studied from a genus with very numerous species with small ranges.
Conclusions
1) The most important pollen grain features of the species studied include: length of polar and equatorial axes (P, E), Le -length of ectocolpi, pollen shape (P/E ratio) and exine sculpture (length, wide, height and course of muri, width of striae, size and number of perforations). 2)R. capitulatus and R. seebergensis are characterized by the highest values of P, E and Le features. Pollen grains were the flattest in R. capitulatus and the most elongated in R. seebergensis. One species -R. spribillei, had striae and muri of similar width, while striae in the remaining species are usually wider. R. chaerophylloides and R. posnaniensis have specific, similar exine sculpture.
3) Despite differences in pollen grain features of the species studied, their differences are relatively insignificant and their variability is so great that it is difficult to distinguish these species clearly. Therefore, pollen grain morphology can only be used as an auxiliary feature for diagnosis of these species.
